Habituation is a universal form of nonassociative learning that results in the devaluation of sensory inputs that have little information content. Although habituation is found throughout nature and has been studied in many organisms, the underlying molecular mechanisms remain poorly understood. We performed a forward genetic screen in Drosophila to search for mutations that modified habituation of an olfactory-mediated locomotor startle response, and we isolated a mutation in the glycogen synthase kinase-3 (GSK-3) homolog Shaggy. Decreases in Shaggy levels blunted habituation, whereas increases promoted habituation. Additionally, habituation acutely regulated Shaggy by an inhibitory phosphorylation mechanism, suggesting that a signal transduction pathway that regulates Shaggy is engaged during habituation. Although shaggy mutations also affected circadian rhythm period, this requirement was genetically separable from its role in habituation. Thus, shaggy functions in different neuronal circuits to regulate behavioral plasticity to an olfactory startle and circadian rhythmicity.
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behavior A ll animals are constantly confronted with a deluge of sensory information. A major challenge for the nervous system is to cull a meaningful signal from all the noise. Habituation is a form of behavioral adaptation to repeated sensory stimuli that devalues environmental stimuli with low information content, giving an animal greater ability to discriminate salient information, such as food, mates, or danger (1) .
Many, if not all, sensory modalities demonstrate habituation. The most thoroughly studied example of habituation is the Aplysia gill withdrawal reflex, in which repeated application of a nonnoxious mechanical stimulus results in reduced gill withdrawal (2) . Gill withdrawal is partially mediated by a simple sensory-motorneuron circuit, and a number of molecular and cellular processes required for gill withdrawal habituation have been described, leading to a model whereby release of neurotransmitter is reduced by changes in presynaptic calcium currents and synaptic vesicle availability (3, 4) . Recent data have suggested that postsynaptic alterations also contribute to habituation (5) . Analyses of other forms of habituation and utilization of different methodologies are likely to give additional perspectives on the underlying molecular mechanisms.
Habituation in Drosophila has been described for a number of sensory behaviors, including a taste-mediated proboscis extension reflex, a touch-mediated cleaning reflex, and a visually mediated escape response (6) (7) (8) . Genetic studies of preexisting mutants point to an important role for cAMP signal transduction in these habituation paradigms. Flies also exhibit habituation of an olfactory startle response. When flies are first presented with a novel odorant, they react by immediately and transiently increasing their walking speed (9) . Repeated discrete exposures to the same odorant reduce the magnitude of this olfactorymediated startle response (10) . Attenuation of the olfactory startle response is an example of habituation, meeting a number of its classical criteria (1) . Perhaps most importantly, the habituated olfactory startle response can be dishabituated upon presentation of a strong and unrelated sensory stimulus. As expected, cAMP signal transduction is important for olfactory startle habituation. Olfactory startle habituation is a promising paradigm for identifying the molecular, cellular, and neural circuitry for nonassociative learning. The neural circuit mediating olfaction is well described, leading from the olfactory sensory neurons, via the projection neurons, to the mushroom bodies and the lateral horn. Components of this circuit are required for aspects of associative learning as well as for olfactory startle habituation (10, 11) . Furthermore, the olfactory startle habituation paradigm, which has been adapted to high-throughput analysis, is well suited for forward genetic screens to identify new genes involved in this ubiquitous form of neural plasticity.
Glycogen synthase kinase-3␤ (GSK-3␤) functions in cell fate specification, cell polarity, and energy metabolism and is well studied for it's evolutionarily conserved roles in Wnt and insulin signal transduction pathways (12) . In the nervous system, GSK-3␤ is involved in the establishment and maintenance of neuronal polarity (13, 14) . Additionally, the Drosophila GSK-3 homolog Shaggy (SGG) controls synapse growth at the neuromuscular junction (15) , possibly as a transducer of Wg/Wnt signals (16) . There is growing evidence that signaling pathways that use GSK-3␤ may be involved in mental illness, specifically in bipolar disorder and schizophrenia. Lithium, one of the most effective available treatments for bipolar disorder, targets and inactivates a handful of signal transduction molecules, including GSK-3␤ (17) . Consistent with the notion that lithium acts by inhibiting GSK-3␤ are the findings that either a 50% reduction of GSK-3␤ or lithium treatment result in a similar constellation of behavioral alterations in mice (18) . Schizophrenics can exhibit defects in prepulse inhibition, a measure of sensorimotor gating, and defects in habituation to startling sensory stimuli (19, 20) . GSK-3␤ activity levels are correlated with the strength of prepulse inhibition in rodents (21) . Moreover, treatment with antipsychotics, the only effective treatment for schizophrenia, alters GSK-3␤ protein levels in the rat brain (22) . Therefore, GSK-3␤ may play an important role in psychiatric pathophysiology by regulating behavioral plasticity.
Here, we demonstrate that Drosophila SGG regulates habituation of an olfactory startle response. We also show that the role of SGG in startle habituation is distinct from its characterized role in circadian rhythms. Our data demonstrate a potentially conserved role for GSK-3␤ in forms of behavioral plasticity often affected by mental illness and suggest that Drosophila may be an appropriate model to address some of the molecular mechanisms underlying complex behavioral disorders in humans.
Results tweaker Mutants Are Defective for Olfactory
Habituation. In a screen for mutants with altered behavior, we identified tweaker (twkr), a mutant showing reduced habituation to repeated discrete presentations of the odorant ethanol. Naïve wild-type and twkr flies showed a robust startle when presented with a brief, 30-s exposure to ethanol vapor (9, 10) . After exposure to four pulses of ethanol vapor delivered at 6-min intervals, however, wild-type control flies habituated to 43% of naïve response levels, whereas twkr mutants habituated to only 72% of naïve response levels (Fig. 1A) . twkr mutants retained the ability to dishabituate upon presentation of a mechanical stimulus (arrow in Fig. 1 A) . Thus, twkr mutants display a reduced acquisition of habituation but a normal discrimination between divergent stimuli.
tweaker Is an Allele of sgg. The twkr transposon is inserted in an intron in the sgg locus [also known as Zeste-white 3 (Zw3)] on the X chromosome ( Fig. 2A) . At least five distinct SGG proteins are produced through the use of different transcription start sites and differential splicing (23) . In the adult fly, two SGG protein isoforms predominate, SGG10 and SGG39, whereas the other isoforms primarily show regulated expression during development. SGG10 and SGG39 (here collectively termed SGG) most closely resemble mammalian GSK-3␤, containing the signature kinase domain and an amino-terminal serine residue that can be phosphorylated to form an autoinhibitory pseudosubstrate (S9 in both mammals and flies). Antibodies recognizing the kinase domain detected SGG proteins of reduced quantity and molecular weight in twkr mutants (Fig. 2B ). S9 is encoded by the exon immediately upstream of the twkr insertion site; antibodies directed against sequences surrounding S9 were unable to detect protein, indicating that this domain is lacking in the mutant and that a novel initiator methionine provides an in-frame translation start site (Fig. 2B) .
Excision of the twkr transposon generated two new alleles, a precise excision, sgg E3 , and an imprecise excision, sgg E6 . sgg E3 completely reverted the behavioral (Fig. 1B) and molecular ( Fig.  2B ) phenotypes of twkr, indicating that the transposon insertion was responsible for the habituation defect. The sgg E6 deletion removed the entire transposon, protein coding sequences just downstream of the translation initiation codon, and the splice donor site of the first exon (Fig. 2 A) . sgg E6 deletion mutants showed reduced habituation similar in extent to that of twkr mutants (Fig. 1B) . Additionally, sgg E6 mutants had 8-fold reduced SGG protein levels (as measured by quantitative immunoprecipitation), an increased protein molecular weight (suggesting the use of a novel initiator methionine), and undetectable S9 immunoreactivity (Fig. 2B ). An independent transposon allele, sgg EP1379 , had behavioral and molecular phenotypes similar to twkr. Flies containing another transposon, EP1576, that is inserted in the genome near EP1379 (but in the opposite orientation) was wild type for both habituation and protein levels. These data indicate that SGG is abnormal in the habituation-defective twkr, E6, and EP1379 mutants.
To determine whether the residual protein was functional in the sgg behavioral mutants, we assayed their kinase activity in vitro. The kinase activity of SGG protein that was quantitatively immunoprecipitated from adult heads and adjusted for equal SGG protein levels showed no appreciable difference between sgg E3 and sgg E6 (Fig. 2C) . Thus, in the habituation-defective sgg E6 mutant, and presumably in sgg twkr and sgg EP1379 , there exist low levels of SGG protein that retains full kinase activity, yet this kinase is not subject to regulation through phosphorylation of S9. Additionally, these data indicate that the novel N-terminal protein sequences present in sgg twkr and sgg E6 are unlikely extend into the kinase domain, which begins at amino acid position 54 in both adult SGG isoforms.
sgg Behavioral Mutants Are Defective for Circadian Period. sgg functions in the fly circadian clock pacemaker neurons by regulating the phosphorylation and nuclear import of Timeless (24, 25) . Previous experiments demonstrated that increasing SGG levels in the pacemaker neurons shortened circadian period length (25) . In addition, sgg null mutants that were rescued for lethality by ubiquitously supplying sgg during development but not during adulthood showed an increased period length. We replicated these findings: overexpressing wild-type (UAS-SGG10) or S9 phosphorylation site mutated (UAS-SGG10.S9A), but not kinase dead (UAS-SGG.A81T), SGG in clock cells resulted in a shortening of circadian period (Table 1) . Importantly, sgg twkr and sgg E6 both caused a significant lengthening of circadian period (Table  1 and Fig. 3A) . Because sgg is located on the X chromosome, we analyzed allelic interactions in females. sgg twkr behaved as a recessive allele because sgg twkr heterozygous flies had a normal period length. sgg twkr acted as a strong loss-of-function mutation when placed in trans to the null allele sgg 1 . Indeed, with respect to period length, EP1576 ϭ sgg twkr /ϩ ϭ sgg 1 /ep1576 Ͻ sgg twkr /sgg twkr Ͻ sgg 1 /sgg twkr . These data demonstrate that sgg twkr and sgg E6 are recessive loss-of-function alleles of sgg. Unfortunately, we were unable to test flies containing these stronger allele combinations to determine whether sgg was absolutely required for olfactory habituation because these flies displayed a strong increase in baseline locomotor activity both before and between ethanol pulse applications.
Increased Expression of SGG Increases Olfactory Habituation. SGG protein appears to be expressed ubiquitously in the Drosophila central nervous system (F.W.W., unpublished results). To determine whether SGG levels determine the extent of habituation, we overexpressed SGG in all postmitotic neurons using the elav-Gal4 driver. In contrast to loss of sgg function, overexpression of either wild-type or nonphosphor ylatable SGG (SGG10.S9A) protein resulted in increased habituation (Fig.  3B) . Increased expression of kinase-dead SGG (SGG.A81T) had no effect on habituation. The magnitude of the initial olfactory startle response as well as nonstimulated baseline locomotion were unaffected by overexpression of SGG (data not shown).
Circadian and Habituation Functions of sgg Are Separable. The circadian clock could regulate olfactory habituation, in which case the role of sgg in habitation would be indirect. To test this possibility, we determined the habituation behavior of flies overexpressing SGG in the clock pacemaker cells. Although overexpression of wild-type and S9 mutated SGG in clock cells shortened circadian period length, neither manipulation had an effect on olfactory startle habituation (Fig. 3C) . Thus, the roles of sgg in olfactory startle habituation and circadian rhythms are separable.
SGG Is Phosphorylated During Habituation. GSK-3/SGG kinase activity is regulated by association with other proteins. In Wnt/Wg signal transduction, a complex that includes APC and axin regulates GSK-3 phosphorylation of ␤-catenin. Phosphorylation of the pseudosubstrate domain at S9 by upstream kinases, including Akt1, down-regulates GSK-3, promoting activation of glycogen synthase and other substrates (26, 27) . To determine whether SGG signaling pathways are engaged during the habituation process, we assessed the status of SGG S9 phosphorylation in habituated and sham-habituated flies. Wild-type control flies were given five 30-s pulses of ethanol vapor separated by 6-min intervals and were then frozen 1.5 min after the fifth pulse. The levels of protein detectable by antibodies against the S9 epitope versus phosphorylated S9 epitope were then quantified by Western blot. After habituation, the relative abundance of S9 phosphorylated SGG39 increased significantly, whereas the abundance of S9-phosphorylated SGG10 did not change (Fig. 4) . Overall SGG abundance was unchanged. These data are con- All strains contain w 1118 and are in the Berlin genetic background. Control is w 1118 Berlin and tim-GAL4 is tim-(UAS)GAL4 (42). All transgenes are autosomal and heterozygous, and sgg is X-linked and thus hemizygous in males and either heterozygous or homozygous in females. One-way ANOVA, ** , P Ͻ 0.01 by Tukey's multiple comparison test: for males, asterisks indicate significance to both control and EP1576; for females, significance is to both EP1576/ EP1576 and sgg twkr /ϩ. One-way ANOVA found no effect of genotype (n ϭ 7-15).
sistent with an acute down-regulation of SGG activity during habituation by phosphorylation of S9.
Localizing SGG Function. SGG is expressed throughout the adult CNS, and increased expression in the CNS increases olfactory startle habituation. Where does SGG function to regulate habituation? We began to address this question by expressing SGG in the known components of the olfactory neural circuit using several GAL4 drivers: Or83b-Gal4 drives expression in a majority of olfactory receptor neurons, GH146 in the second order projection neurons that connect the antennal lobe to the mushroom bodies (MBs) and the lateral horn, and 17D, c747, and 201Y drive expression in neurons of the MBs that are relevant for olfactory habituation (10) . Overexpression of SGG in neither Or83b-expressing neurons nor the MBs resulted in changes in olfactory startle habituation [see supporting information (SI) Fig. 5 ). Expression of SGG in the projection neurons (with GH146) caused lethality, presumably because of glial expression (28) . These data suggest that SGG functions downstream of the known olfactory neural circuit (although function in the projection neurons cannot be excluded at this time) or that the role for SGG in habituation is distributed in the nervous system.
Discussion
Here, we show that multiple strong loss-of-function mutant alleles of the Drosophila GSK-3 homolog SGG have defects in two adult behaviors, olfactory startle habituation (reduced habituation) and circadian rhythm period length (longer period). Importantly, SGG overexpression results in an opposite phenotype for both behaviors [this work and Martinek et al. (25) ]. In its role in circadian rhythms, SGG phosphorylates Timeless, promoting its movement from the cytoplasm to the nucleus, thus allowing the clock pacemaker to progress (25) . As the roles of SGG in habituation and circadian rhythms are separable, the target of SGG activity in habituation remains to be determined.
Our data also demonstrate an acute phosphorylation and, thus presumably, down-regulation of activity of SGG protein during habituation. A signaling pathway that utilizes SGG is therefore engaged by olfactory startle habituation. The Akt1 signaling pathway, which can be activated by insulin receptors and can result in SGG/GSK-3 S9 phosphorylation, is conserved in flies and regulates growth and metabolism (29) . Although Drosophila Akt1 has not yet been directly implicated in behavior, the insulin signal transduction pathway has been shown to function in flies in feeding, ethanol sensitivity, lifespan, and stress resistance (30) (31) (32) . Recent findings with mice carrying deletion of PTEN, a negative regulator of the insulin pathway, in specific brain regions suggest that signaling via Akt1 and GSK-3␤ regulate neuronal structure and social interactions in mice (33) .
Reduced levels of SGG resulted in a strong reduction in habituation and increased levels of SGG resulted in an increase in habituation, suggesting that SGG activity normally promotes the development of habituation. Perhaps counterintuitively, then, we also found that SGG is likely to be inactivated by S9 phosphorylation during habituation. These observations are not necessarily conflicting. Although the presence of SGG that can be regulated by phosphorylation may be required for habituation to proceed in wild-type flies, our mutant alleles already have strongly reduced levels of SGG that cannot be phosphorylated at S9 and thus further inhibited: our sgg alleles may mimic the habituated state, precluding further habituation by presentation of olfactory stimuli. Alternatively, SGG could have two roles in habituation, one that is engaged directly during habituation, and a second that is perturbed when SGG levels are altered chronically. Indeed, there exists evidence that SGG/GSK-3 inactivation by the pseudosubstrate mechanism and by altered protein associations can proceed independently (37) . It remains to be determined, however, whether the acute change in SGG phosphorylation is relevant to the development of habituation.
Genetic and pharmacological evidence supports GSK-3␤ function in adult behavior in mammals. Mice that overexpress nonphosphorylatable (S9A), and thus presumably over-active GSK-3␤, in the nervous system are generally hyperactive, have an enhanced acoustic startle response (ASR), and show less habituation to the ASR (34). Gsk-3␤ ϩ/Ϫ mice show reduced exploratory behavior, similar to what is observed upon treatment with lithium (18) . Although the heterozygous mice, which have a 50% reduction in GSK-3␤ protein levels, are normal for ASR and ASR habituation, they show decreased locomotor activation induced by amphetamine (35) . Interestingly, we also isolated sgg EP1379 in a genetic screen for mutants with increased sensitivity to cocaine (L. Tsai and U.H., unpublished observation). Thus, although the data are still incomplete in both mice and flies, our data support a potentially opposite function for SGG in flies and mice. Although our mutant alleles have strongly reduced levels of SGG protein (Ϸ10% of normal levels), they also lack S9 regulation of the remaining kinase-competent protein. We believe that the habituation defects in our mutants are due to reduced protein levels because these same alleles behave as loss-of-function for circadian period length and because overexpression of wild-type or S9A-mutated SGG cause increases in habituation.
In summary, we show that SGG is involved in regulating the ability of Drosophila to habituate to olfactory stimuli. Whether SGG function is specific to olfactory habituation, or is generally required for behavioral plasticity will be a topic of future studies. It will also be of interest to determine how upstream signaling pathways regulate SGG function, and to determine the cellular substrates of SGG in habituation.
Methods
Fly Strains. All Drosophila strains were out-crossed for at least five generations to the Berlin wild-type strain carrying the marker mutation w 1118 or were out-crossed against noncomplementing sgg alleles that were in the Berlin genetic background. sgg twkr was identified as a P[GawB] transposon insertion containing transgenic line that responded abnormally in tests for ethanol vaporinduced locomotor activation (data not shown). sgg E3 and sgg
E6
were produced by excision of sgg twkr by standard methods. All band intensity normalized to SGG39 S9 intensity (n ϭ 8, ** , P Ͻ 0.01; t test).
